Phase decomposition in a Ti-13 mass%Nb-13 mass%Zr alloy during isothermal aging at 600 • C has been investigated by means of transmission electron microscopy and Vickers hardness measurements. Specimens solution-treated at 1000 • C in β phase field were quenched and aged at 600 • C in (α + β) region. Beta phase was fully transformed into martensitic α laths by quenching from 1000 • C. Formation of β phase on tempered α lath interfaces occurred during aging. Early in the stage of aging, β phase transformed into α martensite completely by quenching. As increasing in aging time, athermal ω phase was formed in β phase by quenching. Beta phase was stabilized by prolonged aging. Enrichment of Nb content into β phase occurred with increasing in aging time, resulting in the formations of athermal ω phase and (α + β) two-phase structure. The hardness increased with the ω phase formation in β phase, followed by the decrease of hardness due to suppression of ω phase formation induced by enrichment of Nb in β phase.
Introduction
The titanium alloys have been studied and developed as biocompatible materials due to their low elastic modulus 1, 2) and superior corrosion resistance.
3) Ti-6Al-4V ELI alloy, which originally developed for an aerospace applications, had been widely diverted to biomaterials. However, Ti-6Al-4V alloy contains vanadium, known as strong cytotoxic element, 4, 5) and aluminum causing neurological disorders. 6) It is widely accepted that newly developed biomaterials 1, 7, 8) should consist of low cytotoxic elements such as Zr, Ti, Nb Ta, Pt and Sn. 9) Ti-13Nb-13Zr alloy has been recently developed for a biocompatible material. 10) Ti-13Nb-13Zr alloy exhibits low elastic modulus and high corrosion resistance. 1) Standard specification for wrought Ti-13Nb-13Zr alloy for surgical implant application was settled in the ASTM F 1713-96. The mechanical properties required for biomaterials, however, should be controlled depending on the component of human body. Generally speaking, mechanical properties depend strongly on the microstructures formed by phase transformation. Microstructure evolutions in a Ti-13Nb-13Zr alloy, therefore, have been studied mainly by means of X-ray diffraction and optical microscopy. 11) There is, however, little study on the microstructure evolutions by means of transmission electron microscopy (TEM). In the present study, therefore, the process of the microstructure evolutions in a Ti13Nb-13Zr alloy during aging at 600
• C are analyzed mainly by means of TEM.
Experimental Procedures
Nominal alloy composition of Ti-13 mass%Nb-13 mass%Zr was arc-melted with a tungsten electrode on a water-cooled copper hearth. Titanium blocks were melted to purify the Ar gas atmosphere before the Ar-arc melting. The ingot was melted many times to eliminate macroscopic segregation of alloy elements. The ingot was cut into sheets. The * 1 Graduate Student, Ehime University.
* 2 Emeritus Professor of Ehime University.
specimens solution-treated at 1000
• C for 1.8 ks in β phase field were quenched into iced brine. They were isothermally transformed at 600
• C in a dynamic Ar gas atmosphere. Microstructures were examined by both optical and transmission electron microscopies. The specimens for optical microscopy were polished and etched in the 2.5%HF + 2.5%HNO 3 + 95%H 2 O reagent. Thin foils for TEM were prepared by means of twin-jet electropolishing using a solution of 5 vol% H 2 SO 4 and 95 vol% CH 3 OH at −50
• C, and examined in an analytical JEM 2000EX microscope operating at 200 kV. The hardness of all the specimens was measured using a Vickers hardness tester. Figure 1 (a) shows the optical micrograph of the specimen quenched into iced brine after solution treatment. Fine laths with sharp interface can be observed. They correspond to α martensite as described later. Figures 1(b) -(e) show the optical micrographs of the specimens aged at 600
Optical microscopic observations
• C for 0.3, 3.6, 28.8 and 86.4 ks, respectively. Apparent morphological change scarcely occurs in (b). In (c) and (d), however, the interfaces of lath α became vague and complicated, suggesting the formation of another phase around the interfaces. The interfaces of lath α became more complicated in (e). Figure 2 shows the TEM micrographs for the specimen 13.1 mass%Nb, [15] [16] [17] respectively. In the Ti-13Nb-13Zr alloy the formation of α phase is only observed during quenching from β phase field. 11, 28) The bright field image of the specimen aged at 600
TEM observations
• C for 3.6 ks shows a decrement of dislocation and twin density in α, as shown in Fig. 3(a) . Tempered α martensite is, hereafter, referred to as α phase. Magnified image of (a) is shown in Fig. 3 (c). It should be noted that quenched into iced brine after solution treatment. The laths in (a) have average thickness of about 150 nm, containing high density of dislocations and twins. They are confirmed to be α martensite from the diffraction pattern in (d). In titanium alloys two types of martensitic phase α [12] [13] [14] and α 11, [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] could be observed. With increasing in β-stabilized element such as Nb, Ta, and V, α rather than α is prefer to be formed during quenching from β phase field. 15) In the Ti-Nb binary alloy β phase would transform into α and α during quenching in the specimen less and more than precipitation between α laths can be clearly observed. The key diagram of Fig. 3(d) for the pattern (b) indicates that the precipitates are α martensite. The average width of α phase regions is about 50 nm. α martensite exhibits complicated morphology with Moiré fringes. Since at 600
• C both α and β phases are deduced to be stable from the phase diagram, 29) β phase is probably formed between α laths during aging. The α phase may be formed by the transformation of β during quenching. [15] [16] [17] A stereographic projection of Fig. 3(d) is shown in Fig. 4, indicating Fig. 5 . The ω particles are dispersed homogeneously in β phase. Such a precipitation of ω phase 14, 26, has also been observed in the alloys of titanium with several other transition elements. Since the aging temperature at 600
• C is too high to form thermal ω phase, 45) the ω particles observed in Fig. 5(c) Fig. 6 . These relationships are also in good agreement with the results reported. 15, 26) Figure 7 shows (α + Figure 10 shows the phase diagram of Ti-Nb-Zr ternary alloy at 600
• C calculated by Thermo-Calc.
52) The lines in the α + β phase field are tie-lines. The solid circle indicates the Ti-13Nb-13Zr alloy being in the α + β phase field. The open circles show the equilibrium compositions of α and β phases. Equilibrium compositions for the α and the β phases are Ti-5.18 mass%Nb-15.29 mass%Zr and Ti-29.58 mass%Nb-8.14 mass%Zr, respectively. This calculated result supports the tendency shown in Table 1 , i.e., Nb was enriched in β phase during phase decomposition. The Nb content in β + ω is small comparing with the equilibrium value due to the fact that β + ω phase is not equilibrium state. The enrichment of Nb into β phase in the Ti-13Nb-13Zr alloy results in the change of β phase stability as observed in Ti-Nb alloys. It should be noted that the Nb content of β phase for forming ω in the Ti-13Nb-13Zr alloy, 18.5 mass%Nb, is small comparing with that of Ti-Nb alloy (24-50 mass%Nb). The difference is probably attributed to the addition of Zr. It is likely that suppression of α formation occurred by the addition of Zr.
Crystallography of precipitates
The orientation relationships obtained in the Ti-13Nb-13Zr are summarized as follows: 15, 26, 28) [ 
ing. As increasing in aging time, as-quenched ω phase was formed in the β phase by quenching. The β phase became stable by prolonged aging. Moffat and Larbalestier 44, 45) revealed that in Ti-Nb binary alloy the β phase transformed into α (< 13.1 mass%Nb), α (13.1-37.2 mass%Nb) and ω + β (24-50 mass%Nb) by the rapid quenching from β single phase region. In the Ti-Nb alloy containing over around 50 mass%Nb, β phase is stabilized against quenching. In order to reveal such a compositional dependence the composition analyses of the phases were performed by energy dispersive X-ray spectroscopy (EDS) equipped in the transmission electron microscope. Figure 9 shows the microstructure in the specimen aged for 28.8 ks having α and β + ω structures. The numbered circles in the figure show the analyzed sites for the solute composition, whose values are listed in Table 1 . The Zr content exhibits a little difference in both regions, i.e., diluted in the α phase and condensed in the β + ω phase, respectively. On the other hand, a large decrease and increase of Nb content are observed in the α and the β + ω regions, respectively. The average compositions of the α and
Vickers Hardness measurements
The variation of hardness with aging time at 600
• C is shown in Fig. 8 . Hardness increases around 0.6 ks due to α formation. A further increase in hardness observed at around 14.4 ks and reaching maximum at 28.8 ks due to the formation of α + ω + β + α mixed structure. A decrease in hardness after prolonged aging is attributed to the coarse α + β duplex structure with low defect density.
Discussion

Transformations of β phase during heat treatments
Beta phase in the Ti-13Nb-13Zr alloy transformed into various phases depending on the aging time. The β phase transformed into martensitic α laths completely by quenching from 1000
• C. The β phase formed in the early stage of aging at 600
• C transformed into α phase by quench- (1) Beta phase transformed into α martensite completely by quenching after solution treatment at 1000
• C. (4) Beta phase was stabilized after prolonged aging. The orientation relationship between α and β phases is that of Burgers orientation relationship.
The orientation relationship between α and α phases could be explained as follows. It is well known that β phase nucleates in α phase with Burgers orientation relationship, (4) . Figure 11 shows the stereographic projection of Fig. 4 (3) . It could be concluded that the α phase observed in Fig. 3 is transformed from β phase.
Conclusions
The isothermal transformation processes at 600
• C and the crystallography for precipitates in a Ti-13Nb-13Zr alloy are summarized as follows. Phase Decomposition in a Ti-13Nb-13Zr Alloy during Aging at 600 • C 2961 (5) Enrichment of Nb content into β phase occurred with increasing in aging time, resulting in the formations of α martensite, athermal ω and α + β two-phase structure.
(6) The α + α and α + ω + β + α phase structure increased in hardness, followed by the decrease of hardness due to the formation of coarse α + β duplex structure with low defect density. Table 1 . 
